to their quality level (i.e., extra virgin, virgin or lampante olive oils) or autochthonous olive cultivar (i.e., cv Chétoui and cv Shali) was evaluated for the first time. Linear discrimination analysis coupled with the simulated annealing variable selection algorithm showed that the signal profiles of olive oils' hydroethanolic extracts allowed olive oils discrimination according to physicochemical quality level (classification model based on 25 signals enabling 84 ± 9% correct classifications for repeated K-fold cross-validation), and olive cultivar (classification model based on 20 signals with an average sensitivity of 94 ± 6% for repeated K-fold cross-validation), regardless of the geographical origin and olive variety or the olive quality, respectively. The results confirmed, for the first time, the potential discrimination of the electronic tongue, attributed to the observed quantitative response (sensitivities ranging from −66.6 to +57.7 mV/decade) of the E-tongue multi-sensors towards standard solutions of polar compounds (aldehydes, esters and alcohols) usually found in olive oils and that are related to their sensory positive attributes like green and fruity.
Introduction
Olive oil production has a huge economic relevance in several Mediterranean countries, including Tunisia [1] . Depending on the olive cultivar, olives may be more appropriate to produce table olives or olive oil, due to different aspects like the oil content, its intrinsic physical-chemical parameters and related sensory attributes. Concerning the olive oils, the European Regulation [2] sets the values of Abstract Olive oil commercialization has a great impact on the economy of several countries, namely Tunisia, being prone to frauds. Therefore, it is important to establish analytical techniques to ensure labeling correctness concerning olive oil quality and olive cultivar. Traditional analytical techniques are quite expensive, time consuming and hardly applied in situ, considering the harsh environments of the olive industry. In this work, the feasibility of applying a potentiometric electronic tongue with cross-sensitivity lipid membranes to discriminate Tunisian olive oils according physical-chemical parameters and sensory attributes used to classify olive oils according to their quality (i.e., extra virgin (EVOO), virgin (VOO) and lampante (LOO) olive oils) [2, 3] . However, due to their commercial high value, EVOO are quite prone to frauds, namely by deliberate addition of less expensive olive oils [4] . Thus, in the last years a huge effort has been carried out to characterize olive oils namely those produced in Tunisia from autochthonous olive cultivars (e.g., Chemchali, Chemlali, Chétoui, Oueslati, Sahli, Zarrazi, Zarzis, etc.) [1, [5] [6] [7] [8] , aiming to set authentication biomarkers that could help minimize the risk of frauds. Some works reported the capability of discriminating EVOO according to the geographical origin (i.e., different regions in the same country or different countries), using different analytical techniques and chemometric tools [4, 9, 10] . In addition, Hassine et al. [11] carried out a chemical and sensorial characterization and preference mapping of autochthonous (Chetoui, Oueslati, Chemlali and Zalmati) and introduced (Arbequina) olive oil cultivars in Tunisia showing that based on those profiles it was possible to differentiate the VOO according to olive variety and geographical origin. Concerning the cultivar assessment of Tunisian olive oils, several works can be found in the literature, based on traditional analytical techniques coupled with different multivariate statistical approaches. Abdallah et al. [12] used fatty acid data obtained by direct infusion mass spectroscopy to classify Tunisian EVOO according to their genetic variety (Chemchali, Chemlali, Dhokar, Jemri, Fouji, Zalmati and Zarrazi) and maturity index. The results showed that olive oils could be correctly classified (100%) according to olive cultivar based on linear discriminant analysis (LDA) models. These same authors [13] also demonstrated that attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy could be used to discriminate Tunisian EVOO according to olive cultivar as well as to predict olive oil mixtures, using LDA and multiple linear regression (MLR) models. The results showed that the FTIR spectra with a stepwise LDA allowed establishing a multivariate classification model that could correctly classify all EVOO according to the olive cultivar (sensitivity of 100% for both training evaluation sets). Loubiri et al. [14] used a rapid-resolution liquid chromatography coupled to electrospray ionization time-of-flight mass spectrometry (RRLC-ESI-TOF-MS) to determine the phenolic profiles of Tunisian EVOO, which were successfully used, in combination with principal component analysis, to classify olive oils according to the olive cultivar (Neb Jmal, Chétoui, Arbequina and Picholine). Essid et al. [15] verified that sensory and volatile profiles of monovarietal Tunisian EVOO could also be used to differentiate, based on PCA and clusters analysis, the geographical origin of olive oils from Chétoui cultivar, showing the influence of the geographical origin on the abovementioned parameters.
However, the majority of the analytical techniques used are time consuming, not portable and difficult to implement in situ, considering the usual harsh environments of the olive industry. Besides, due to their cost and the need of skilled technicians, these analytical tools are far away from the economic possibilities of small-and medium-scale olive oil producers. Recently researchers have focused their attention on the potential use of electrochemical devices for olive oil analysis, including quality level assessment and classification, geographical origin discrimination, olive cultivar identification as well as monitoring of olive oils physicochemical and sensorial parameters during storage [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Concerning Tunisian olive oils evaluation using electrochemical tools, to the authors' best knowledge, only one work could be found. Tena et al. [29] described the atline implementation of an electronic nose (E-nose), based on metal oxide sensors, as a tool for Tunisian VOO varietal traceability. In that work the volatile profiles of the two main Tunisian olive oils (Chemlali and Chétoui cultivars) were evaluated and, based on the responses of five E-nose sensors with PCA, it was possible to reasonably distinguish VOO samples according to the olive cultivar. In the present work, it was evaluated for the first time, the feasibility of using an electronic tongue (E-tongue) as a classification tool for discriminating Tunisian olive oils according to their quality level (i.e., EVOO, VOO and LOO, independent of the olive cultivar) and olive cultivar (i.e., Chétoui and Shali, which are two autochthonous Tunisian cultivars, regardless the quality grade). To overcome difficulties concerning the direct potentiometric analysis of olive oil, the evaluation was performed in hydroethanolic extracts supposedly rich in polar compounds, which contents are highly dependent on the olive cultivar [14, 15, 29] . Indeed, olive oils produced from a single olive cultivar (monovarietal oils) have specific physical and biochemical characteristics [12] . The potential response of the E-tongue towards polar compounds of olive oils was further checked by determining the sensitivities of each sensor towards standard solutions of chemical compounds related to sensory attributes perceived in olive oils, namely, aldehydes, esters and alcohols.
Materials and methods

Olive oil samples and physicochemical analysis
Forty-three commercial Tunisian olive oils were acquired in Tunisia, being produced in different geographical regions of the country (Table 1) . During the transport, olive oil samples were kept in the original dark amber bottles, to minimize the risk of quality degradation. From those olive oils and according to the label information, 41 . In addition, it should be emphasized that, for olive oils classification according to the physicochemical quality level, all the 43 olive oils were used.
E-tongue device
The E-tongue included two home-made print-screen potentiometric arrays as described by Dias et al. [16] . The electrochemical device comprised 20 sensors (diameter: 3.6 mm; thickness: 0.3 mm) corresponding to different combinations of 4 different lipid additives (octadecylamine, oleyl alcohol, methyltrioctylammonium chloride and oleic acid; ≈3%); 5 different plasticizers (bis(1-butylpentyl) adipate, dibutyl sebacate, 2-nitrophenyl-octylether, tris(2-ethylhexyl)phosphate and dioctyl phenylphosphonate; ≈65%) and high molecular weight polyvinyl chloride (PVC; ≈32%). All reagents were from Fluka (minimum purity ≥97%). The type of sensors and polymeric membrane compositions (relative percentage of additive, plasticizer and PVC) were selected considering the satisfactory signal stability over time and the signal repeatability towards the basic standard taste compounds (sweet, acid, bitter, salty and umami) previously reported [30] . Lipid polymeric membranes were used since they promote interactions with taste substances via electrostatic or hydrophobic interactions [31] . Each sensor was identified with a letter S (for sensor) followed by a code for the sensor array (1: or 2:) and the number of the membrane (1 to 20, corresponding to different combinations of plasticizer and additive used) as previously reported [16] .
E-tongue analysis
E-tongue response towards standard solutions of gustatory olive oil molecules
The potentiometric response of the E-tongue towards standard solutions of chemical compounds, which are related to known gustatory sensations perceived in olive oils, was evaluated. Since, the direct potentiometric evaluation of olive oils is not possible due to viscosity issues, the signal profiles were recorded in water-ethanol (80:20, v/v) extracts. So, in this study, the chemical standards were also prepared in the same water-ethanol mixtures. Indeed, extracting olive oils with hydroethanolic solutions allow obtaining extracts rich in polar compounds, which are responsible for specific sensory positive attributes. So, the electrochemical response of the E-tongue versus standard solutions (concentrations ranging from 1.0 × 10 − 5 to 1.1 × 10 − 2 mol/L in water/ethanol mixture, 80:20 v/v) of polar compounds usually found in olive oils have been evaluated. In each assay, the E-tongue signal profiles were recorded after a 5-min stabilization period time, aiming to give sufficient time to reach pseudo-equilibrium between the non-specific lipid polymeric membranes comprised in the electrochemical device and the chemical compound in solution. As shown in Table 2 , the chemical compounds analyzed included 4-hydroxy-3-methoxybenzaldehyde or vanillin (purity of 99% from Extrasynthese), hexyl acetate (purity of 99% from Acros Organics), (Z)-Hex-3-en-1-ol or cis-3-hexen-1-ol (98% of purity, Sigma-Aldrich) trans hex-2-enal or (E)-hex-2-enal (purity of 99% from Acros Organics) and (Z)-hex-3-enyl acetate (98% of purity, Sigma-Aldrich), which are related to different sensory attributes [29] . For instance, with the exception of vanillin, all the other chemicals have been reported in Tunisian olive oils, namely from the Chétoui variety [29] . The potentiometric response of each E-tongue sensor towards the concentration of each standard solution was evaluated by calculating the sensor sensitivity (in mV/decade), which is equal to the slope of the regression line between the sensor signal versus the decimal logarithm of the solution concentration. Finally, each electrochemical assay required 20 mL of each hydroethanolic standard solution, being all solutions analyzed at controlled temperature (~20 °C) under agitation using a magnetic stirrer (Velp Scientifica). The E-tongue was immersed directly in each solution and after 5-min stabilization period the potentiometric signal profiles the 40 E-tongue lipid membranes were acquired.
Olive oil sample preparation and potentiometric assays
Olive oils were extracted using water-ethanol solutions (80:20 v/v), to overcome the difficulty of carrying out electrochemical assays in viscous non-conductive liquids [24] and electrochemically analyzed as previously described [16] . Ethanol was of analytical grade (Panreac, Barcelona) and deionized type II water was used in all electrochemical assays. For the electrochemical assays, samples were withdrawn from each olive oil bottle, which was previously smoothly shaken, and extracted with a solution of deionized water and ethanol (p.a.). In each assay, 10.00 g of olive oil was mixed to 100 mL of hydroethanolic solution during 5-10 min under strong agitation, using a vortex stirrer (LBX V05 series, lbx instruments), with a constant speed of approximately 500 rpm. This process allowed the extraction of polar compounds, which are related to sensory sensations of olive oils [17] . The mixture was left at ambient temperature during 60 min, after which, 40.0 mL of the supernatant solution was carefully removed and immediately analyzed with the E-tongue, during 5 min enabling to carry out several electrochemical scans, with the last one retained, which would correspond to a pseudo-equilibrium state. The analyses were performed in duplicate, using the electrochemical "average" signal profile per olive oil in the data treatment (assumed as the olive oil-specific fingerprint) to establish a more representative sample profile of potentiometric signals.
Statistical analysis
Linear discriminant analysis (LDA) was applied to infer about the capability of the E-tongue device to discriminate standard hydroethanolic solutions of polar compounds usually found in olive oils and related their positive sensory attributes, allowing inference about the potentiometric nonspecific response of the E-tongue lipid membranes towards these chemical compounds. In addition, LDA was applied to verify the potential of the electrochemical multi-sensor device to classify edible and inedible monovarietal Tunisian olive oils according to autochthonous olive cultivars, regardless of their geographical origin, or to distinguish olive oils according to their physicochemical quality level, independent of the olive cultivar used in their production or the geographical origin. In these studies, it was necessary to select the most informative sensors (subset of independent predictors) to be included in the final LDA models, since not all sensors present relevant information and so their inclusion in the classification models may increase the noise effects. The best subsets of sensors were established between 40 potentiometric sensor signals using a metaheuristic simulated annealing (SA) variable selection algorithm [32] [33] [34] . The LDA potential was evaluated using two cross-validation (CV) variants: leave-one-out (LOO-CV), known to be an overoptimistic procedure, and repeated K-fold (repeated K-fold-CV) technique. For the latter, data were randomly split into K-folds, with each of the folds left out in turn and the other K -1 folds used to train the model. The held out fold was used for test purposes and the quality of the predictions was assessed using the percentage of correct classifications. The K-estimates are averaged to get the overall resampled estimate [35] . In this work, the K-folds were set equal to 4, enabling the random formation of internal validation subsets (for each gustatory group) with 25% of the initial data, allowing bias reduction. The procedure was repeated 10 times for putting the model under stress. The repeated K-fold-CV technique allows reducing the uncertainty of the estimates, by evaluating the predictive performance of the models established using 4 × 10 random subsets for internal validation (i.e., 40 total resamples). To normalize the weight of each variable in the final linear classification model, variable scaling and centering procedures were evaluated. The classification performance of each LDA model was graphically evaluated using a 2-D plot of the two first discriminant functions (when more than Results and discussion E-tongue sensitivity towards polar compounds related to olive oils' sensory positive attributes
The E-tongue performance towards polar compounds usually found in olive oils and that are related to their sensory attributes (e.g., green, sweet, fruity) was evaluated based on the sensors' quantitative response in the presence of standard aqueous-ethanol solutions with different concentrations of chemical compounds comprising aldehydes, alcohols and esters (Table 2) . Indeed, it has been reported that olive oils' polar compounds, which can be extracted using hydroethanolic solutions, are mainly responsible for bitterness, astringency and pungency sensations [24, [38] [39] [40] . The plots of the potentiometric signal profiles recorded with each E-tongue sensor versus the decimal logarithm of the concentrations of each standard solution showed that in general all the different lipid polymeric membranes (combinations of 4 additive compounds and 5 plasticizers) that comprised the E-tongue arrays (20 sensors and respective replicas) showed a linear response (0.9002 ≤ R 2 ≤ 0.9993) towards one or more of the standard compounds analyzed, demonstrating the hypothesis previously discussed by the research team [16, 18] . Indeed, Dias et al. [16, 18] had attributed to the E-tongue capacity for correctly classifying monovarietal Portuguese and Spanish EVOOs according to the olive cultivar to the ability of the lipid membranes of the multi-sensor device, to show different potentiometric responses towards specific polar compounds and their concentrations, which are usually found in olive oils and may be extractable with hydroethanolic solutions. Briefly, 1. for 4-hydroxy-3-methoxybenzaldehyde (vanillin) the sensitivity values ranged from −12.7 to −4.1 mV/decade and from +2.4 to +38.0 mV/decade (0.9022 ≤ R 2 ≤ 0.9993), with the exception of the following sensors (S1:5, S1:9 and S1:10) and respective sensor replicas (S2:5, S2:9 and S2:10); 2. for (E)-hex-2-enal the sensitivities calculated varied from −16.8 to −6.9 mV/decade and from +4.2 to +69.3 mV/decade (0.9022 ≤ R 2 ≤ 0.9993), for all the sensors with the exception of S1:16 and its replica (S2:16); 3. for (Z)-hex-3-en-1-ol sensitivities ranged from −66.6 to −5.61 mV/decade and from +3.50 to +57.7 mV/ decade (0.9002 ≤ R 2 ≤ 0.9950), with the exception of sensors S1:4 to S1:6, S1:10 and S1:20, and respective replicas (S2:4 to S2:6, S2:10 and S2:20); 4. for hexyl acetate, sensitivities varied from −6.1 to −4.2 mV/decade and +1.5 to +15.3 mV/decade (0.9020 ≤ R 2 ≤ 0.9957) with the exception of the sensors S1:3, S1:4, S1:10-S1:12 and S1:20, and respective replicas (S2:3, S2:4, S2:10 to S2:12 and S2:20); 5. for (Z)-hex-3-enyl acetate sensitivities ranged from +2.1 mV/decade to +52.8 mV/decade (0.9001 ≤ R 2 ≤ 0.9859), for all the sensors except S1:4 and its replica (S2:4).
The study allowed to verify that for esters, the sensors and replicas mainly showed positive sensitivity values. For aldehydes and alcohol compounds, sensors and replicas displayed both positive and negative sensitivities, with the last polar compound showing the highest range of sensitivities. In addition, it was observed that some sensors and respective replicas of the E-tongue (lipid membrane applied, using the drop-by-drop technique, in the first array or in the second array of the E-tongue) had different electrochemical behaviors towards the same polar compound studied. In some cases, both sensor and replica had the same behavior (positive or negative signal decrease with the increasing concentration of the target molecule) with similar sensitivities or with quite different magnitudes. For other sensor-replica pairs, only the sensor or the replica showed a potentiometric response towards the same analyte. Finally, in fewer situations, sensor and replica had different signal trend behaviors (positive and negative) resulting in a positive or negative sensitivity values for a specific polar compound. Based on these findings, it can be concluded that, in general, both sensor and sensor replica should be considered as independent sensors due to the probably slight different physical properties (e.g., transparency, porosity, permeability) that may occur due to the possible formation of inhomogeneous membrane surfaces, which could be attributed to the drop-by-drop membrane preparation technique [41] . The differences in the membrane surfaces of sensor and sensor replica may result in the occurrence of different adsorption phenomena and surface chemical reactions, which may lead to deviations in sensors' readings [42] . Indeed, the differences of the signal profiles observed for some sensor replica comprised in the E-tongue, tentatively attributed to the manually home-made procedure used in the sensor-array construction, could be minimized in the future since monitored and controlled production procedure is envisaged. In addition, it should be remembered that the practical application of this kind of electrochemical sensor arrays would require a daily calibration routine step [42] , a common practice when potentiometric-based analytical techniques are applied (e.g., similar to the use of pH electrodes), allowing minimizing the risk of drift signals effects.
Moreover, as expected, from the sensitivity results it can also be stated that, with the exception of few some punctual cases, the overall E-tongue sensors are poorly selective (for most sensors, low sensitivities ranging from −10 to +10 mV/decade), partially specific (cross-sensitivity) and non-specific, with the majority of them showing a potentiometric response towards all the polar compounds evaluated, but not to any in particular.
At last, the potentiometric signal profiles recorded for the different chemical compounds evaluated (i.e., alcohol, esters and aldehydes), related to sensory positive attributes of olive oils (Table 2) , were used to verify if the E-tongue could discriminate different polar compounds that can be found in olive oil samples. The study carried out showed that an E-tongue-LDA-SA model, with two discriminant functions (explaining 98.1 and 1.7% of the original data variability, respectively) and based on five sensor signals (first E-tongue array: S1:12, S1:15 and S1:18; second E-tongue array: S2:17 and S2:18), could correctly separate the five different chemical standard solutions (concentrations from 1 × 10 −5 to 1.13 × 10 −2 mol/L) studied with sensitivities of 100%, for both original grouped data ( Fig. 1) and LOO-CV procedure. Furthermore, the discrimination capability may be tentatively attributed to the differences of sensory attributes related to each compound (Fig. 1) . The discrimination predictive performance achieved with the E-tongue-LDA-SA model was further tested by implementing a repeated K-fold-CV procedure (four folds × 10 repetitions), which minimizes the risk of model overfitting as well as the possibility of obtaining overoptimistic results, as previously discussed. The E-tongue-LDA-SA model based on the same five sensors allowed obtaining an average sensitivity of 100%, for all the data randomly split. This fact strengthens the hypothesis that the E-tongue had a different potentiometric behavior depending on the polar compound, which could be accessed through chemometric techniques.
Electrochemical evaluation of Tunisian olive oils using an E-tongue
Tunisian olive oils potentiometric signal profiles
Different potentiometric signal profiles (varying from −71 mV to + 291 mV) were acquired by the E-tongue sensors (20 different lipid polymeric membranes in duplicate: S1:1-S1:20 and S2:1-S2:20) during the electrochemical analysis of the olive oils' hydroethanolic extracts depending on the physicochemical quality of the olive oils (i.e., EVOO, VOO or LOO) and on the olive cultivar (i.e., cv Chétoui and cv Sahli). Figure 2 shows the potentiometric average signals (± standard deviation) for each sensor and for the monovarietal Tunisian olive oils from cv Chétoui and cv Sahli, regardless of their physicochemical quality grade or the geographical origin. From the observation of the plot it can be concluded that olive oils produced from the two Tunisian autochthonous cultivars have similar average E-tongue signal trend profiles. However, slight differences can be observed, namely in the signals' intensities as well as in the potentiometric signal dynamic ranges, which may allow the successful discrimination of these two monovarietal olive oils based on the electrochemical fingerprints of the hydroethanolic extracts. A similar situation was found for olive oils with different physicochemical quality grades, as can be observed from Fig. 3 , where the average signal profiles (± standard deviation) according to each physicochemical quality level (EVOO, VOO or LOO) are plotted, independent of the olive cultivar or geographical origin. 
Tunisian olive oils' physicochemical quality discrimination based on electrochemical profiles
According to the physicochemical analysis (FA, PV, K 232 , K 270 and ΔK values, data not shown) and following the European regulations [2] , the 43 olive oils evaluated in this work and produced in different Tunisian geographical regions from autochthonous olive cultivars (cv Ché-toui, cv Sahli and cv El Leguim) and introduced European olive varieties (cv Arbequina and cv Koroneiki) were classified as EVOO (4 samples), VOO (5 samples) and LOO (34 samples) ( Table 1) .
For classification purposes, it was possible to establish an E-tongue-LDA-SA model with two discriminant functions that explained 100% of the original data variability (94.8 and 5.2%, respectively) based on potentiometric profiles of 25 E-tongue sensors (S1:2 to S1:5, S1:8, S1:10 to S1:13, S1:15 to S1:17, S1:20, S2:1 to S2:6, S2:9, S2:14 to S2:18), selected by the SA algorithm. The SA variable selection algorithm enabled the inclusion of repeated sensors in the discrimination model (7 sensors with the same membrane composition and the remaining 18 with different membrane composition), in agreement with the conclusion of Correia et al. [43] , which reported the advantage of including repeated sensor signals for improving the global performance of multivariate models. On the other hand, as discussed in the previous section, the sensor-replica pairs may be treated as independent sensors regardless of the similar composition of the lipid polymeric membranes. Moreover, it should be remarked that four (i.e., S1:12, S1:15, S2:17 and S2:18) of the five E-tongue sensors that showed greater qualitative discrimination potential of polar compounds usually found in olive oils were also included in the E-tongue-LDA-SA model established for classifying the olive oil samples according to their physicochemical quality. This fact supports the hypothesis previously proposed by the research team [16, 18] that the discrimination potential of the E-tongue may be attributed to the capability of generating different potentiometric signal profiles depending on the type and levels of olive oils' polar compounds extracted with the hydroethanolic solution. The proposed model allowed 100% correct classification of the original data, i.e., of the Tunisian olive oils according to their quality level, regardless the olive cultivar used in their production and the geographical origin (Fig. 4) and 88.4% predictive correct classification for the LOO-CV. The LOO-CV results showed that no EVOO or VOO were misclassified as LOO, being the main misclassification issue between the two first categories. This fact, together with the results plotted in Fig. 4 , clearly indicates that the first discriminant function of the E-tongue-LDA-SA model allows distinguishing edible (EVOO and VOO) from inedible (LOO) Tunisian olive oils, regardless of the olive cultivar and geographical production region.
The predictive performance of the E-tongue-LDA-SA model to correctly classify the Tunisian olive oils according to their physicochemical quality was further evaluated using a repeated K-fold-CV procedure (four folds × 10 repetitions), which allowed to retain 25% of the data for internal validation in each of the 40 random data split. The best predictive classification results were also achieved with a model established on the same 25 E-tongue sensors. In this case, an average correct classification of 84 ± 9% (varying from 70 to 100% for the 40 evaluations performed during the repeated K-fold-CV procedure). Although, the predictive sensitivity is not as high as desirable, it is quite satisfactory taking into account that the studied olive oils included monovarietal (41 samples) and multivarietal (2 samples) olive oils, produced in different geographical regions of Tunisia from different olive cultivars, including autochthonous olive cultivars (cv Chéthoui, cv Sahli and cv El Leguim) and the olive cultivars introduced from Europe (cv Arbequina and cv Koroneiki). So, the potential of the potentiometric E-tongue to classify Tunisian olive oils as First discriminant function (86.1%) Second discriminant function (13.9%) EVOO LOO VOO Fig. 4 Tunisian olive oils' quality level discrimination using an E-tongue-LDA-SA model (first and second discriminant functions) based on 25 potentiometric signals recorded during the analysis of hydroethanolic extracts (first array: S1:2 to S1:5, S1:8, S1:10 to S1:13, S1:15 to S1:17, S1:20; second array: S2:1 to S2:6, S2:9, S2:14 to S2: 18) EVOO, VOO and LOO was verified based on the electrochemical profiles recorded in olive oils' hydroethanolic extracts, and specially the capability to correctly discriminate between edible and inedible olive oils. To the authors' best knowledge, this potential was only previously demonstrated for voltammetric E-tongues [25, 26, 44] .
Monovarietal Tunisian olive oil discrimination based on electrochemical profiles
As it can be observed from Table 1 , among the 43 Tunisian olive oils, only 41 samples were monovarietal olive oils and for these, it was only possible to have more than two olive oils for two olive cultivars: cv Chétoui (11 samples) and cv Sahli (26 samples). Then, the capability of the potentiometric E-tongue to discriminate monovarietal olive oils regardless of their quality level (EVOO, VOO or LOO) was only evaluated considering those two autochthonous olive cultivars, which are classified as Ancient Olive Orchards (AOOs), with the first mainly cultivated in the north of Tunisia and the latter in the Tunisian coast and south governorates. An E-tongue-LDA-SA model with one discriminant function was established based on potentiometric profiles of 20 E-tongue sensors (S1:3 to S1:6, S1:8 to S1:11, S1:13 to S1:15, S1:17 to S1:20, S2:5, S2:6, S2:10, S2:15 and S2:20), also selected using the SA algorithm, turning out in the inclusion of repeated sensors (5 sensors with the same membrane composition and the remaining 15 with different membrane composition). Once again, four (i.e., S1:15, S1:18, S2:17 and S2:18) of the five E-tongue sensors that showed greater qualitative discrimination potential towards the polar compounds evaluated in this study were also included in the E-tongue-LDA-SA model established for classifying the olive oil samples according to their olive cultivar. The proposed model allowed 97.3% correct classifications of the original data (Fig. 5) , i.e., of the Tunisian olive oils according to the olive cultivar, which included both edible (EVOO and VOO) and inedible (LOO) olive oils produced in different Tunisian geographical regions. Moreover, for the LOO-CV technique, the olive cultivar (cv Chétoui or cv Sahli) of 94.6% of the olive oils could be correctly predicted.
The predictive capability of the E-tongue classification model was further assessed by applying the K-fold-CV procedure (four folds × 10 repetitions). For this more realistic CV variant the E-tongue-LDA-SA model based on the same 20 sensor signals allowed obtaining a mean sensitivity of 94 ± 6% (varying from 78 to 100% for the 40 runs carried out during the repeated K-fold-CV procedure). The results confirmed the potential of the potentiometric E-tongue to classify monovarietal Tunisian olive oils according to their autochthonous olive cultivar, regardless of the physicochemical quality level. Previously, this E-tongue capability was already described by the research team for monovarietal Portuguese and Spanish olive oils [16, 18] , although in those cases only EVOO were considered, which were produced in only two limited geographical regions (one in Portugal and the other in Spain).
Conclusions
In this work, it was shown that a potentiometric E-tongue comprising 20 lipid polymeric membranes (and respective replicas) as sensor units possessed non-specific electrochemical qualitative and quantitative electrochemical responses towards polar compounds usually found in the chemical composition of olive oils and that are related to some of their positive sensory attributes, such as green and fruity sensations. Furthermore, it was demonstrated that the E-tongue signal profiles recorded during the analysis of olive oils' hydroethanolic extracts, which may contain high levels of different polar compounds, could be foreseen as a practical overall electrochemical fingerprint of Tunisian olive oils. Indeed, the versatile potentiometric information gathered by the E-tongue enabled a successful classification of Tunisian monovarietal olive oils according to two autochthonous olive cultivars (cv Chétoui and cv Sahli) Frequency distribution (one-dimension plot) of the data for the discriminant function of the E-tongue-LDA-SA classification model based on 20 potentiometric signals (first array: S1:3 to S1:6, S1:8 to S1:11, S1:13 to S1:15 and S1:17 to S1:20; second array: S2:5, S2:6, S2:10, S2:15 and S2:20) recorded during the analysis of hydroethanolic extracts of Tunisian monovarietal olive oils produced from two autochthonous cultivars (cv Chétoui and cv Sahli) used in the production, regardless of their physicochemical quality grade and geographical origin, as well as the satisfactory discrimination of edible from inedible olive oils (i.e., extra virgin, virgin or lampante olive oils), regardless of the olive cultivar used or the geographical origin. For the first time, the practical usefulness of this type of electrochemical multi-sensor device for Tunisian olive oils evaluation is described, showing its potential for minimizing the risk of possible frauds, namely those related with olive oil mislabeling and so, to strengthen the Tunisian olive oil recognition.
